Four crystal forms have been grown and characterized by X-ray diffraction of a Bence-Jones protein collected from the urine of a multiple myeloma patient more than 40 years ago. Closely related tetragonal and orthorhombic forms belonging to space groups P4 3 2 1 2 and P2 1 2 1 2 1 , with unit-cell parameters a = b = 68.7, c = 182.1 and a = 67.7, b = 69.4, c = 87.3 A Ê , diffract to 1.5 and 1.9 A Ê , respectively. Two closely related trigonal forms, both belonging to space group P3 1 21 with unit-cell parameters a = b = 154.3 A Ê but differing by a doubling of the c axis, one 46.9 A Ê and the other 94.0 A Ê , diffract to 2.9 and 2.6 A Ê resolution, respectively. The trigonal crystal of short c-axis length shows a positive indication of twinning. The trigonal crystal of longer c axis, which appeared only after eight months of incubation at room temperature, is likely to be composed of proteolytically degraded molecules and unlike the other crystal forms contains two entire Bence-Jones dimers in the asymmetric unit. This latter crystal form may shed some light on the formation of ®brils common to certain storage diseases.
Introduction
Bence-Jones proteins are monoclonal immunoglobulin light chains that are excreted in large amounts in the urine of patients having multiple myeloma, a cancer of the bone marrow (Clamp, 1967; Jones, 1847; Sanders, 1994) . They are soluble molecules that also ®nd their way into the serum of patients, where they can also become involved in deposition diseases (Solomon et al., 1982 (Solomon et al., , 1991 . In these latter manifestations, Bence-Jones protein that has undergone some proteolytic degradation can, in a variety of tissues, polymerize into ®brils which subsequently condense into ordered arrays. The molecular weight of a Bence-Jones !-type light chain is 22 000±24 000 Da, but these invariably associate to form dimers of twice this weight (Bernier & Putnam, 1963) . The structures of a number of BenceJones proteins have been determined by X-ray crystallography (Bourne et al., 2002; Ely et al., 1989; Huang, Ainsworth, Solomon et al., 1996; Huang, Ainsworth, Stevens et al., 1996) , each unique in sequence and antigen speci®city and therefore in detailed features. For example, the paired constant domains and the paired variable domains of the dimer are related by an elbow angle, as are the same pairs of domains in an Fab, and this varies among Bence-Jones proteins.
The Bence-Jones protein investigated here was collected from a patient in Melbourne, Australia (initials KWR) in 1962 in near-gram quantities. It was puri®ed shortly after collection and stored in lyophilized form for about 40 years before being crystallized by us for X-ray analysis. The sequence of the protein has been determined by traditional protein-sequencing methods (to be published elsewhere) and the protein was found to be an immunoglobulin ! light chain of subgroup II. Two copies of the molecule are linked covalently near the carboxy-termini through a disul®de bond to form a homodimer. In the following, we will refer to this molecule as BJ-KWR.
Materials and methods
BJ-KWR dissolved readily in 50 mM Tris±HCl pH 8.5 and when run on SDS±PAGE showed a single prominent band corresponding to a molecular weight of 29 kDa and 51 kDa in the presence and absence of -mercaptoethanol, respectively. These are higher than expected from the amino-acid sequence, hence BJ-KWR must for some reason run anomalously in polyacrylamide gel. Some material of higher molecular weight was also present, which was likely to be aggregates of BJ-KWR, but there was no evidence that any degradation had occurred. The 40-year-old protein was intact. BJ-KWR was further puri®ed by size-exclusion chromatography on Sephadex G-75, which removed a small fraction of higher molecular weight, most probably aggregates that were not completely solubilized. Mass spectrometry of the original sample, however, indicated it to be homogeneous and to have a molecular weight of 45 379 Da. This further con®rmed that the protein was not degraded and also that it was not glycosylated as are some Bence-Jones proteins.
Conventional vapor diffusion using Cryschem sitting-drop plates and commercially available crystallization screening kits (Hampton Research, Laguna Niguel, USA) was initially employed at 295 and 277 K. The stock protein concentration was 23.2 mg ml À1 and drop sizes were 8 ml. Conditions yielding crystals were obtained that employed ammonium sulfate as precipitant at 295 K. After optimization, conditions consisted of 10 ml droplets containing a 1:1 ratio of 8.8±9.5 mg ml À1 protein and reservoir solution. The latter consisted of 1.4±1.6 M (NH 4 ) 2 SO 4 in 0.1 M Tris±HCl pH 7.0±8.5. Using the same methodology, crystals were also grown from 2.88±3.20 M NaH 2 PO 4 and 0.72±0.80 M K 2 HPO 4 with 0.1 M buffer in the pH range 3.8±4.20. The buffer was constituted of 1.0 M Na 2 HPO 4 and 1.0 M citric acid.
For all crystal forms investigated, representative crystals were ®rst conventionally mounted in quartz capillaries and analyzed at 291 K on a laboratory X-ray diffraction apparatus. This was an R-AXIS IV system composed of a Rigaku RU-200 X-ray generator ®tted with Osmic mirrors and dual image-plate detectors (Molecular Structures Corporation, Woodlands, TX, USA). For data collection to high resolution, crystals were treated with cryogens and frozen directly in a cryostream. Data were collected on beamline 5.0.2 at the Advanced Light Source at the Lawrence Berkeley National Laboratory (ALS) using 1.000 A Ê radiation and also on beamline 7-1 at the Stanford Synchrotron Radiation Laboratory (SSRL) using 1.080 A Ê radiation. Exposure times were 15 s for 0.5 (tetragonal crystal) and 1.5
(orthorhombic and short c-axis trigonal crystals) oscillation angles at ALS and 60 s for 1.0 oscillation angles (long c-axis trigonal crystal) at SSRL. Data were processed and reduced using either HKL2000 (Otwinowski & Minor, 1997) or d*TREK (P¯ugrath, 1999) . Relevant statistics for these data are shown in Table 1 .
Results
Initially, crystals of a consistent though suspicious habit were observed. The crystals, similar to that seen in Fig. 1(a) , were roughly cube-shaped and often grew to 0.2 mm or more in edge dimension. An unsettling feature of the crystals was that their faces tended to be curved and the edges rather indistinct in some cases. However, they were physically robust and easy to mount for analysis. Later, we began to observe a second crystal habit that formed and coexisted for some time with the ®rst and then grew, apparently at the expense of the initial form. Frequently, this secondary crystal form nucleated on and grew from the surfaces of the cube-shaped crystals, suggesting a possible unit-cell relationship (Figs. 1b  and 1c) . Occasionally, the prismatic form appeared directly without accompaniment by the ®rst form. Numerous attempts to collect diffraction data from crystals of the cube habit with rounded faces were unsuccessful. These were carried out using a home source at 295 K with crystals conventionally mounted in quartz capillaries. Diffraction patterns generally extended no further than 3.5 A Ê resolution and often some zones clearly showed the presence of multiple misaligned reciprocal lattices. Nonetheless, it was sometimes possible to index these patterns and the unit cell was found to belong to space group P4 1 22 (or P4 3 22), with unit-cell parameters a = b = 64.2, c = 179.7 A Ê . These crystals were the subject of a detailed atomic force microscopy (AFM) study (Plomp et al., 2003) , which demonstrated among other things that the unique axis was 4 3 .
Eventually, an unusually large crystal of the cube habit 0.7 mm on an edge was obtained (Fig. 1a) and X-ray diffraction data which showed no evidence of disorder were collected at ALS to 1.5 A Ê resolution. The data were collected from the single crystal after passing it through a series of mother-liquor solutions lacking protein containing 5, 10, 15, 20 and ®nally 25% glycerol. The resident time at each increment was about 10 min in the ®rst three steps, 30 min in the fourth step and a quick wash in the 25% glycerol step. The space group of the crystal was P4 3 2 1 2, with unit-cell parameters a = b = 68.7, c = 182.1 A Ê . In contrast to previous tetragonal crystals, whose diffraction patterns had shown indications of disorder, a twinning test (Yeates, 1997) using CNS v.1.1 (Bru È nger et al., 1998) on this data indicated no signs of merohedral twinning. The untwinned tetragonal crystal has a volume-to-protein weight ratio V M of 2.37 A Ê 3 Da À1 (Matthews, 1968 ) if a single BJ-KWR dimer of 45 379 Da is assumed to be present in the asymmetric unit.
Data from crystals exposed to a similar cryopreservation procedure as for the tetragonal crystal and using the collection parameters described above were also obtained at ALS for the orthorhombic crystals seen in Fig. 1(c) . Re¯ections were recorded to 1.9 A Ê , again from a single crystal. The space group is P2 1 2 1 2 1 , with orthorhombic unit-cell parameters a = 67.7, b = 69.4, c = 87.3 A Ê . The similarity in the unit-cell parameters for the tetragonal and orthorhombic crystals explains why the latter nucleated with such facility upon the surfaces of the former. For the orthorhombic crystals, V M was 2.26 A Ê 3 Da
À1
and there is again one BJ-KWR dimer per asymmetric unit.
A third crystal form of BJ-KWR was also obtained and this was in many ways the most interesting. Crystallization plates which had not yielded any crystals, although conditions were basically the same as for those that had, were gathered together and stored in a dark closed cabinet at room temperature for eight months. Before disposal, the plates were examined under a microscope one last time. One, and only one, droplet out of the perhaps 3000 droplets reviewed contained six to eight beautifully formed hexagonal prisms, some having maximum lengths of nearly 0.4 mm.
After passage through a cryopreservative consisting of 50% MPD plus 20% PEG 3350 mixed in a 2:1 ratio with the reservoir of the droplet, crystals were frozen in the cryostream. Data were collected at SSRL beamline 7-1 to the limit of resolution, which was 2.9 A Ê . Although limited in extent, the patterns were sharp, with low mosaicity, and showed no evidence of twinning or disorder. The crystals belong to space group P3 1 21 or P3 2 21, with unit-cell parameters a = b = 153.5, c = 94.0 A Ê . For these crystals, V M is 3.52 A Ê 3 Da À1 if one assumes two entire BJ-KWR dimers as the asymmetric unit and indeed this appears most reasonable.
Given the mysterious appearance of the trigonal crystals, we attempted to reproduce them by treating the protein with a variety of proteases and by seeking alternative crystallization conditions. Recently, trigonal crystals of similar if not identical habit were obtained at room temperature at elevated phosphate concentrations instead of ammonium sulfate (Fig. 1d) . Based initially on Wizard Screen II condition No. 19 (Emerald BioStructures, Inc.), BJ-KWR trigonal crystals grew from a 1:1 ratio of 9.5 mg ml À1 protein and reservoir solution containing 2.88 M NaH 2 PO 4 and 0.72 M K 2 HPO 4 as precipitant and 0.1 M Na 2 HPO 4 /citric acid pH 4.0 at 295 K. These crystals were exposed for 2 min intervals to a simulated mother liquor minus protein solution containing increasing concentrations of ethylene glycol up to 20%. The hexagonal prisms, some of which were greater than 1.2 mm in length, diffracted synchrotron radiation at ALS beamline 5.0.2 to 2.6 A Ê . They had a-and b-axis lengths virtually the same as the previous trigonal crystals. However, the c axis was exactly half the length of the ®rst trigonal crystal c axis. The V M value would therefore be the same as the ®rst trigonal crystal, but with only a single BJ-KWR dimer as the asymmetric unit.
The trigonal crystals obtained from phosphate-containing mother liquors appeared to be attractive candidates for structure solution. They grew readily to large size and diffracted X-rays strongly to relatively high resolution. In addition, they have only a single BJ-KWR dimer as their asymmetric unit. However, tests of the diffraction data for the presence of twinning using CNS are positive. Thus, these trigonal crystals may, like the majority of the tetragonal crystals, be merohedrally twinned. Resolution of this question must await structure solution.
Currently, we are attempting to solve the structures of all four crystal forms using molecular-replacement techniques. A variety of probes based on known Bence-Jones protein structures are being investigated. Bence-Jones proteins, like Fab fragments of antibodies, may have quite variable elbow angles and there are in®nite sets of CDR-loop compositions and conformations.
Discussion
BJ-KWR protein, despite spending more than 40 years as a lyophilized powder, is intact. This is amply demonstrated by SDS±PAGE and mass spectrometry. It apparently maintains a native homogenous conformation and crystallizes well under de®ned conditions. It shows a high propensity to form tetragonal crystals, but these are frequently twinned. However, untwinned crystals were grown and these diffracted to high resolution. This was true for the tetragonal crystal form (P4 3 2 1 2) as well as the closely related orthorhombic form (P2 1 2 1 2 1 ). Why this twinning occurs some, but not all of the time is unclear.
The trigonal crystals are most interesting because they appeared only after storage at room temperature for eight months. As has been pointed out (McPherson, 1999; McPherson et al., 2004) , this is an almost sure sign that proteolysis has occurred and that the crystals are composed of some degraded though generally uniform version of the molecule. Unfortunately, because of the irreproducibility of these crystals and the need to commit them to data collection, no biochemical measure of the degree of degradation was obtained. The asymmetric unit of these crystals is not one BJ-KWR dimer as in the other crystal forms, but two molecules organized in pairs around a threefold screw axis. This may be signi®cant, as it has been shown for other Bence-Jones proteins that proteolylic activity sometimes leads to ®bril formation by the degradation product about some helical axis (Epstein et al., 1974; Glenner et al., 1971; Harris et al., 2000; Linke, Tischendorf et al., 1973; Solomon & McLaughlin, 1969; Solomon et al., 1998; Wall et al., 1999) . Thus, the structure of the trigonal crystals may shed some light on the physiological assembly and structure of Bence-Jones protein that occurs in primary amyloidosis and other storage diseases.
